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Temperature  dependent  spectral  response  and 
detectivity  of  GeSn  photoconductors  on  silicon 
for  short  wave  infrared  detection 
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2 Department  of Physics,  University  of  Massachusetts  Boston,  Boston,  MA  02125,  USA 
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Abstract:  The  GeSn  direct  gap  material  system,  with  Si  complementary- 
metal-oxide  semiconductor  (CMOS)  compatibility,  presents  a  promising 
solution  for  direct  incorporation  of  focal  plane  arrays  with  short  wave 
infrared  detection  on  Si.  A  temperature  dependence  study  of  GeSn 
photoconductors  with  0.9,  3.2,  and  7.0  %  Sn  was  conducted  using  both 
electrical  and  optical  characterizations  from  300  to  77  K.  The  GeSn  layers 
were  grown  on  Si  substrates  using  a  commercially  available  chemical  vapor 
deposition  reactor  in  a  Si  CMOS  compatible  process.  Carrier  activation 
energies  due  to  ionization  and  trap  states  are  extracted  from  the  temperature 
dependent  dark  I-V  characteristics.  The  temperature  dependent  spectral 
response  of  each  photoconductor  was  measured,  and  a  maximum  long 
wavelength  response  to  2.1  pm  was  observed  for  the  7.0  %  Sn  sample.  The 
DC  responsivity  measured  at  1.55  pm  showed  around  two  orders  of 
magnitude  improvement  at  reduced  temperatures  for  all  samples  compared 
to  room  temperature  measurements.  The  noise  current  and  temperature 
dependent  specific  detectivity  (D  )  were  also  measured  for  each  sample  at 
1.55  pm,  and  a  maximum  D*  value  of  lxlO9  cnWHz/W  was  observed  at  77 
K. 

©2014  Optical  Society  of  America 
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1.  Introduction 

Detection  of  short  wave  infrared  (SWIR)  light  with  2D  focal  plane  arrays  (FPA)  is 
accomplished  efficiently  by  only  a  few  high  cost  semiconductor  material  alloys  such  as 
InGaAs  or  HgCdTe.  These  material  systems  have  a  high  peak  specific  detectivity  (D  )  on  the 
order  of  1012  to  1013  cnWHz/W  [1,  2],  but  cannot  be  produced  on  a  cost  efficient  platform. 
The  large  scale  processing  of  Si  complementary  metal-oxide-semiconductor  (CMOS)  devices 
would  allow  a  CMOS  compatible  detector  material  to  dramatically  reduce  the  cost  of  SWIR 
based  FPAs  and  increase  the  array  size.  Although  progress  has  been  made  towards  monolithic 
incorporation  and  bonding  of  the  III-V  materials  on  Si  [3-6],  the  fundamental  incorporation  of 
those  materials  (In,  Ga,  Sb,  and  As)  are  difficult  to  grow  monolithically  on  Si  due  to  the  large 
lattice  mismatches.  The  pseudo-direct  and  tunable  bandgap  of  Gei_xSnx,  along  with  its  CMOS 
compatibility  have  furthered  the  development  of  this  material  system  for  Si  photonic 
applications  [7,  8].  Incorporation  of  Sn  reduces  the  difference  between  the  indirect  L- valley 
(0.67  eV)  and  direct  T-valley  (0.80  eV)  in  Ge.  Early  experimental  results  predicted  this 
indirect-to-direct  crossover  point  was  around  1 1  %  Sn  [9],  but  more  recent  data  suggests  a 
relaxed  Gei_xSnx  direct  bandgap  requires  only  8  -  9  %  Sn  [10,  11].  Throughout  the 
development  of  the  Gei_xSnx  material  system,  the  biggest  challenge  has  been  the  stable 
incorporation  of  sufficient  Sn  needed  for  a  room  temperature  direct  bandgap  material. 
Nevertheless,  most  of  the  growth  related  challenges  have  been  mediated  by  non-equilibrium 
growth  techniques  on  Si  using  commercially  available  chemical  vapor  deposition  (CVD) 
reactors  [12-15].  While  Sn  incorporation  has  also  been  demonstrated  within  molecular  beam 
epitaxy  (MBE)  tools  [16-18],  the  solid  source  deposition  process  is  not  as  scalable  for  high 
yield  manufacturing. 

Further  advancement  of  Gei_xSnx  technology  has  led  to  photodetectors  that  have  already 
shown  an  extended  long  wavelength  spectral  response  [19,  20]  and  a  responsivity  at  1.55  pm 
compared  to  Ge  [21,  22].  Although  those  studies  show  promising  advances  in  Gei_xSnx 
fabrication  and  material  quality,  the  temperature  dependent  spectral  response  of  those  devices 
were  not  investigated.  Enhanced  long  wavelength  spectral  response  out  to  2.4  pm  was, 
however,  demonstrated  for  a  photoconductor  with  9  %  Sn  at  room  temperature  using  multiple 
quantum  wells  [23].  High  speed  operation  of  Gei_xSnx  based  detectors  has  also  been 
demonstrated  up  to  40  GHz  opening  up  the  possibility  for  high  speed  optical  communication 
[24].  The  high  responsivity,  long  wavelength  response,  and  high  speed  of  those  Gei_xSnx 
detectors  demonstrates  the  reliable  fabrication  methodology  for  this  material  system,  and 


establishes  a  cost  effective  long  wavelength  response  on  Si.  However,  to  demonstrate  this 
technology  can  be  applicable  for  low  cost,  long  wavelength  focal  plane  arrays,  a  broader  study 
of  multiple  Sn  compositions  and  noise  mechanisms  is  required.  Thus,  the  next  step  in  the 
development  of  Gei_xSnx  photodetectors  is  a  systematic  study  of  the  temperature  dependent 
characteristics  and  noise  mechanisms  specific  to  this  material.  The  low  temperature  study  is 
critical  not  only  for  the  spectral  response  cut-off,  but  it  also  provides  understanding  of  the 
defect  mechanisms  and  activation  energy  related  to  this  material.  Other  previous  Gei_xSnx 
photodiode  and  photoconductor  studies  have  not  systematically  compared  the  performance 
metrics  across  different  Sn  compositions  under  the  same  size,  temperature,  and  measurement 
conditions.  In  addition,  carrier  activation  energy  and  noise  baselines  extracted  from  the 
temperature  dependent  measurements  provide  the  design  criteria  needed  for  future  detector 
applications.  Thus  far,  the  only  temperature  dependent  study  for  the  Gei_xSnx  material  was 
conducted  using  photoluminescence  on  a  sample  with  a  low  0.3  %  Sn  composition  [25]. 
Those  optical  measurements  only  provide  fundamental  information  on  the  band  structure,  and 
do  not  give  electrical  transport  and  noise  behavior  characteristics  needed  to  properly  evaluate 
the  detector  figures  of  merit. 

In  this  work,  we  report  on  the  temperature  dependent  characterization  of  Gei_xSnx 
photoconductors  fabricated  with  0.9,  3.2,  and  7.0  %  Sn  composition  grown  in  a  commercially 
available  CVD  reactor.  The  temperature  dependent  spectral  response,  I-V  curves,  DC 
responsivity,  and  AC  responsivity  were  measured  from  300  to  77  K  in  20  K  increments.  The 
temperature  dependent  spectral  response  measures  the  blue-shifting  detector  cut-off  for  each 
decreasing  temperature  due  to  the  increasing  bandgap.  The  electrical  transport  characteristics, 
extracted  from  the  dark  I-V  curves,  show  decreasing  carrier  activation  energy  with  increasing 
Sn  mole  fraction.  The  different  sources  of  noise  current  within  the  material  are  evaluated 
based  on  these  measurements.  The  measured  AC  responsivity  and  shot  noise  limited  noise 
current  were  then  used  to  calculate  the  predicted  temperature  dependent  specific  detectivity 
(D*)  at  1.55  pm.  The  performance  evaluations  studied  here  provide  the  baseline  performance 
for  a  cost  effective  Gei_xSnx  FPA  integrated  on  Si  for  detection  in  the  SWIR  band. 

2.  Photoconductor  fabrication 

The  photoconductor  samples  were  grown  in  an  ASM  Epsilon  reduced  pressure  chemical 
vapor  deposition  reactor.  A  Ge  buffer  was  first  deposited  on  the  Si  substrate,  annealed  then 
the  Gei_xSnx  epilayer  was  deposited  immediately  after  within  the  same  chamber.  The  Gei_xSnx 
deposition  process  was  kept  below  450  °C.  The  epilayer  thicknesses  were  measured  using 
cross  section  transmission  electron  microscopy  (TEM).  The  Sn  compositions  were  measured 
using  secondary  ion  mass  spectrometry  and  were  verified  with  x-ray  diffraction  (XRD) 
measurements  of  the  lattice  constants.  Each  sample  was  grown  unintentionally  doped,  but 
Hall  measurements  showed  that  the  0.9,  3.2,  and  7.0  had  a  p-type  background  carrier 
concentration  of  2><1017,  5X1017,  and  2X1017  cm"3,  respectively.  Additionally,  the  Hall 
mobilities  for  these  Gei_xSnx  layers  ranged  from  280  to  310  cm2/(V-s).  A  summary  of  the  Gei_ 
xSnx  compositions  and  layer  thicknesses  of  each  sample  in  this  study  is  presented  in  Table  I. 
The  level  of  strain  in  each  sample  (%)  listed  in  Table  1  was  directly  determined  from  the  XRD 
rocking  curve  scans  and  elastic  (Poisson)  ratio  [15].  These  rocking  curve  scans  directly 
determined  the  out  of  plane  lattice  constant  allowing  the  strain  to  be  calculated.  We  define 
100  %  strain  for  films  where  the  in  plane  lattice  constant  matches  that  of  the  Ge  buffer  and  0  % 
strain  when  the  in  plane  lattice  constant  equals  the  out  of  plane  lattice  constant. 

Table  1.  Sn  Composition  and  Thickness  for  Each  Epilayer 

Sn  %  Gei_xSnx  Thickness  (nm)  Ge  Buffer  Thickness  (nm)  Strain  (%)  FWHM  from  XRD 

Rocking  Curve  (°) 


0.9 


327 


763 


85 


3.2 

76 

684 

84 

0.20 

7.0 

240 

755 

49 

0.34 

The  Ge  buffer  layers  were  intentionally  grown  relaxed  to  allow  the  Si/Ge  dislocations  to 
be  confined  at  the  substrate  interface.  The  Gej_xSnx  layers  were  grown  partially  compressive 
strained  on  this  relaxed  Ge  virtual  substrate.  The  cross  sectional  TEM  image  of  the  sample 
with  3.2  %  Sn  in  Fig.  1(a)  shows  the  reduced  number  of  defect  sites  at  the  Gei_xSnx/Ge 
interface  compared  to  the  Ge/Si  growth  interface.  Further  analysis  using  XRD  was  conducted 
on  each  sample  to  confirm  the  growth  structures  and  crystallinity.  The  lower  angle  diffraction 
peaks  in  Fig.  1(b)  are  assigned  to  the  Gej_xSnx  epilayers  of  each  sample  due  to  their  larger  out 
of  plane  lattice  constant.  The  diffraction  peak  due  to  the  0.9  %  Sn  sample  shows  up  as  a 
shoulder  on  the  Ge  buffer  peak  and  does  not  allow  a  FWHM  determination.  The  3.2  and  7.0  % 
Sn  diffraction  peaks  are  identifiable  as  separate  peaks  and  the  calculated  FWHM  are  presented 
in  Table  1.  The  average  FWHM  of  the  Ge  buffer  layer  alone  was  measured  to  be  0.15  °.  The 
samples  studied  here  are  analyzed  for  their  bulk  properties  and  were  not  optimized  for 
detection  performance.  It  is  expected  that  further  device  improvements  will  be  possible  with 
an  enhanced  design. 
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Fig.  1.  Cross  sectional  TEM  image  of  the  (a)  3.2  %  and  (b)  7.0  %  Sn  sample  shows  the  relaxed  Ge  buffer  layer  and 
strained  GeSn  layer  with  limited  propagating  defects,  (c)  The  20-co  XRD  scan  for  each  sample  measures  the 
increasing  lattice  constants  with  increasing  Sn  composition  indicated  by  the  lower  diffraction  angle. 

The  photoconductor  fabrication  was  carried  out  using  standard  optical  photolithography 
techniques  to  define  the  Gei_xSnx  mesas  and  deposit  the  metal  contacts.  The  mesas  were 
defined  using  a  positive  photoresist,  then  dry  etched  using  a  reactive  ion  etching  (RIE)  process 
with  a  CF4  precursor.  The  photoresist  was  removed  using  a  commercial  resist  stripper,  then 
rinsed  in  DI  water.  Following  this  resist  removal,  the  samples  were  loaded  into  a  plasma 
enhanced  chemical  vapor  deposition  (PECVD)  reactor  for  a  thick  1300  nm  Si02  deposition. 
Windows  in  the  Si02  were  opened  up  for  the  metal  contacts  using  a  buffered  oxide  etch. 
Immediately  following  this  oxide  etch,  10  nm  of  Cr  followed  by  200  nm  of  Au  was  deposited 
for  the  Ohmic  contacts.  These  contacts  showed  a  linear  I-V  behavior,  thus  no  annealing  was 
needed.  A  schematic  cross  section  of  the  final  device  structure  is  shown  in  Fig.  2(a)  and  the 
top  view  optical  image  of  the  final  fabricated  photoconductor  structure  in  Fig.  2(b)  shows  the 
co-planar  design. 
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Fig.  2.  (a)  Cross  section  view  of  the  growth  structure  and  (b)  top  view  optical  image  of  the  GeSn  photoconductor 
shows  a  top  contact,  co-planar  design. 

3.  Testing  and  measurement  setup 

The  low  temperature  device  testing  was  conducted  within  a  Janis  cryostat  using  liquid 
nitrogen  cooling  and  a  closed-loop  temperature  controller.  Electrical  connection  to  the 
photoconductor  contacts  was  made  via  Ni  tip  probes  going  to  an  electrically  isolated  BNC 
feed  through.  The  electrical  characterization  and  DC  bias  conditions  were  measured  with  a 
Keithley  236  source-measure  unit  (SMU).  The  spectral  response  measurements  were  made 
using  a  Fourier  transform  infrared  spectrometer.  The  white  light  from  the  internal  tungsten 
source  was  externally  focused  and  normally  incident  onto  the  entire  sample  active  area  upon 
exit  of  the  interferometer.  This  method  allows  for  full  IR  spectrum  analysis  without  any  high 
order  diffraction  ambiguity.  However,  this  method  precludes  radiant  flux  calibrations  of  the 
intensity  per  wavelength.  As  a  result  the  responsivity  performance  of  these  devices  was 
measured  using  a  laser  diode  with  a  1.55  pm  wavelength.  The  optical  power  of  the  laser  diode 
was  measured  at  the  sample  position  using  an  ILX  Lightwave  power  meter  and  the  absolute 
responsivity  values  were  verified  using  a  NIST  traceable  InGaAs  p-i-n  photodiode.  The  dark 
and  laser  illuminated  I-V  curves,  measured  by  the  SMU,  were  used  to  determine  the  DC 
responsivity  for  the  devices. 

The  specific  detectivity  (D  )  was  calculated  from  the  AC  responsivity  and  device  dark 
current  under  the  equivalent  electronic  conditions.  The  D  value  is  measured  here  since  it  is  a 
key  detector  figure  of  merit  for  FPA  design  due  to  the  inclusion  of  the  device  noise  and 
normalized  for  device  area.  The  AC  responsivity  was  measured  by  optically  chopping  the 
incident  light  at  345  Hz  and  measuring  the  photoresponse  output  using  a  lock-in  amplifier. 
This  chopping  frequency  was  chosen  to  allow  sufficient  suppression  of  1/f  noise.  To  limit  the 
equivalent  noise  bandwidth  (ENBW)  to  the  standard  1  Hz,  the  time  constant  and  slope/oct 
were  appropriately  set  on  the  lock-in  amplifier  to  100  ms  and  18  dB/oct,  respectively.  The 
modulated  voltage  response  was  measured  by  the  lock-in  amplifier  across  a  50  O  load  resistor 
in  series  with  the  photoconductor  device,  and  the  current  response  was  calculated  from  this 
load.  The  dark  current  measurement  under  same  electronic  conditions  was  used  to  calculate 
the  noise  current.  The  final  D  value  is  calculated  using  the  relationship,  D*  =  RAC  X 
VA/Inoise  where  RAc  is  the  AC  responsivity,  A  is  the  device  area,  and  Inoise  is  the  calculated 
noise  current. 

4.  Temperature  dependent  characterization 

4.1  Electrical  characterization 

Electrical  characterization  of  each  sample  was  performed  from  300  to  77  K.  The  dark 
resistance  values  shown  in  Fig.  3  were  extracted  from  the  dark  I-V  curves  at  each  temperature. 


Dark  I-V  data  for  sample  of  0.9  %  Sn  is  shown  in  Fig.  3  (inset)  as  a  representative  data  set  for 
the  3.2  and  7.0  %  Sn  samples.  The  linear  dark  current  relationship  versus  the  applied  voltage 
indicates  that  good  Ohmic  contacts  were  made.  The  dark  resistance  for  each  photoconductor 
is  increasing  with  decreasing  temperature.  This  increase  in  dark  resistance  for  decreasing 
temperature  is  due  to  the  decreasing  number  of  activated  carriers  in  the  device.  Three  distinct 
regions  were  observed  across  the  temperature  measurement  range  on  all  the  samples.  Region 
1  marks  the  carrier  freeze  out  region.  Region  2  is  the  extrinsic  region  where  carrier  ionization 
is  complete,  but  carrier  generation  still  occurs  due  to  lower  energy  trap  and  defect  states. 
Region  3  is  the  intrinsic  region  where  at  higher  temperatures  carriers  are  thermally  excited 
across  the  bandgap  leaving  a  material  with  equal  electron  (n)  and  hole  (p)  concentrations.  As 
the  temperature  decreases  the  overall  performance  of  these  devices  will  increase  due  to  the 
decreased  number  of  thermally  activated  carriers  resulting  in  a  lower  dark  current  and  lower 
noise  current. 


Fig.  3.  Dark  resistances  for  each  sample  are  extracted  from  the  I-V  measurements  and  plotted  at  the 
measured  temperature.  The  three  distinct  temperature  regions  for  all  samples  marked  as  Regions  1  -  3 
are  the  carrier  freeze  out,  trap  activated,  and  intrinsic  regions,  respectively.  (Inset)  I-V  measurement  of 
the  0.9  %  Sn  sample  shows  the  linear  behavior  expected  for  photoconductive  device. 

4.2  Optical  characterization 

The  temperature  dependent  spectral  response  measured  for  each  Gei_xSnx  photoconductor  is 
shown  in  Fig.  4.  Only  the  intermediate  temperature  dependent  response  measurements  are 
shown  here  for  clarity.  The  spectral  response  in  Fig.  4(a)  directly  compares  the  increased  long 
wavelength  behavior  between  the  0.9  and  3.2  %  Sn  samples.  The  absorption  edge  of  the  0.9  % 
Sn  sample  shows  a  red-shift  of  the  direct  T -valley  absorption  edge  beyond  that  of  Ge  for  the 
300  K  measurement  indicated  by  the  response  cut-off  beyond  1.6  pm.  The  dominant  T-valley 
absorption  edge  for  the  3.2  %  Sn  sample,  which  has  a  thinner  Ge0.968Sn0.032  active  layer,  is 
attributed  to  the  underlying  Ge  buffer,  while  the  weaker  extended  response  out  to  1.9  pm  is 
due  to  the  indirect  L-valley  absorption  of  the  Ge0.96sSn0.032  layer.  The  spectral  response  of  the 
7.0  %  Sn  sample  in  Fig.  4(b)  shows  an  extended  response  beyond  2.1  pm  at  high  temperatures 
and  a  cut-off  that  is  still  beyond  1.9  pm  at  77  K.  It  is  expected  that  spectral  response  of  this 
detector  is  further  extended  beyond  2.1  pm;  however,  the  spectral  response  signals  at 
temperatures  above  260  K  for  this  sample  were  too  noisy  to  be  considered  valid.  The  signal 


distortion  in  Fig.  4(b)  from  1.8  to  1.92  pm  is  due  to  atmospheric  absorption  and  appears  in  all 
measurements  regardless  of  sample  temperature. 


(a)  (b) 


Fig.  4.  Normalized  spectral  response  of  the  (a)  0.9,  3.2  ,  and  (b)  7.0  %  Sn  photoconductors  for  different  temperatures 
as  a  function  of  wavelength  shows  the  shifting  absorption  edge  for  increased  Sn  composition. 

The  temperature  dependent  cut-off  wavelength  for  each  sample  designates  the 
approximate  absorption  band  edge.  The  Vegard’s  law  interpolation  of  the  shifting  bandgap  as 
a  function  of  Sn  composition  is  well  documented  at  300  K  [26].  Here  we  study  the 
temperature  dependent  bandgap  for  each  composition  described  by  the  Varshni  relationship, 
E(T)  =  E(0)  —  (a  X  T2)/ ((3  +  T)  where  E(0)  is  the  bandgap  at  0  K,  T  is  absolute  temperature, 
and  a  and  [3  are  fitting  parameters.  The  long  wavelength  50  %  cut-off  for  each  detector  was 
extracted  from  the  temperature  dependent  spectral  response  measurements  [27-30].  To 
distinguish  between  an  indirect  and  direct  absorption  edge,  we  relate  the  bandgap  dependent 
absorption  coefficient  to  the  measured  photoresponse  using  the  classical  relationship  for  a 
photoresponse  current,  Iarb, 

larb  =  vM/(.hc)  ■  (1  -  Ra)  '  Pa  '  (1  -  exp(-aAw))  (1) 

where  r]l  is  the  internal  quantum  efficiency,  X  the  wavelength,  /?;  the  surface  reflectivity,  Pa 
the  spectral  power  incident  on  the  device,  is  the  absorption  coefficient  and  w  is  the  device 
thickness.  The  spectral  output  of  the  tungsten  white  light  source  was  measured  to  be  linear 
across  this  wavelength  band  using  the  calibrated  InGaAs  photodiode,  thus  the  spectral 
dependence  can  be  ignored.  Additionally,  the  thick  Si02  passivation  layer  is  large  enough  to 
reject  non-band  structure  related  inferences.  The  remaining  spectral  dependent  component  is 
the  band  dependent  absorption  coefficient.  For  the  case  when  the  thickness  is  much  smaller 
than  the  skin  depth,  aAw  «  1,  then  Eq.  (1)  reduces  to, 

4rb  =  C  (-aA)  (2) 

where  C  is  a  constant  independent  of  wavelength.  The  strong  spectral  dependence  of  the 
absorption  coefficient  due  to  the  electronic  band  structure  of  the  material  allows  for 
distinction  between  direct  and  indirect  absorption  based  on  the  photoresponse  curve  [31]. 
Finally,  the  distinction  between  direct  and  indirect  transitions  becomes  apparent  through 
examination  and  fitting  of  the  energy  depedent  absorption  coefficient  [32], 

a  oc  [hv  —  Eg]m  (3) 

where  Eg  is  the  bandgap,  hv  is  the  photon  energy,  and  m  is  a  constant.  Here  the  constant,  m, 
equals  2  for  allowed  indirect  transitions  and  1/2  for  allowed  direct  transitions.  The  data  for  the 


7  %  Sn  sample  at  77  K  measurement  was  fitted  using  Eq.  3  at  the  different  absorption  edges 
as  marked  in  Fig.  5.  In  this  figure,  the  region  from  1.5  to  1.6  pm  is  attributed  to  the  direct 
bandgap  of  Ge  buffer,  confirmed  by  the  fitted  power  equal  to  0.51.  The  long  wavelength 
absorption  edges  beyond  2.1  pm  is  due  to  the  indirect  Ge0.93Sn0.07  valley  with  ?n  =  2.03.  The 
middle  absorption  marked  by  a  fitted  m  =  1.01  is  less  clear  and  is  likely  an  overlap  of  the 
Ge0.93Sn0.07  direct  and  Ge  buffer  indirect  absorption.  The  lack  of  direct  gap  absorption  for  this 
partially  strained-layer  sample  indicates  that  the  indirect-to-direct  crossover  does  not  occur  at 
7.0  %  Sn.  Since  we  do  not  observe  an  additional  high  slope  absorption  edge  at  extended 
wavelengths  for  the  Gei_xSnx  alloy,  then  we  conclude  that  this  material  has  an  indirect 
bandgap.  In  comparison,  the  direct  gap  transition  for  a  9  %  Sn  sample  was  observed  by 
extrapolation  of  a  photoconductor  spectral  response  at  100  K  [33]. 
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Fig.  5.  Absolute  spectral  response  temperature  profile  of  the  7.0  %  Sn 
photoconductor  shows  increasing  response  intensity  for  decreased  temperature.  The 
absorption  edge  slope  indicates  either  direct  or  indirect  absorption. 

The  long  wavelength  50  %  cut-off  of  each  sample  and  absorption  edge,  plotted  in  Fig.  6, 
was  fitted  as  a  function  of  temperature  using  the  Varshni  relationship.  For  comparison,  the  Ge 
direct  band  has  been  also  been  plotted  [34].  The  disappearance  of  a  measurable  indirect 
absorption  edge  for  the  3.2  %  Sn  sample,  at  decreased  temperatures,  prevented  a  fit  for  this 
sample.  The  reduced  indirect  absorption  edge  for  this  3.2  %  Sn  sample  becomes  dominated  by 
the  indirect  absorption  of  the  much  thicker  Ge  buffer  layer,  reducing  the  ability  to  distinguish 
the  two.  Additionally,  the  high  noise  for  the  7.0  %  Sn  at  increased  temperatures  above  260  K 
reduced  the  signal  quality,  precluding  those  data  points  to  be  included  in  the  fitting.  The  fitted 
parameters  for  the  0.9  and  7.0  %  Sn  photoconductors  presented  in  Table  2  shows  the  expected 
trend  of  decreasing  E(0)  for  increasing  Sn  composition. 
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Fig.  6.  The  extracted  absorption  edge  cut-off  wavelengths  for  the  0.9,  3.2,  7.0  %  Sn,  and  the  calculated  Ge 
direct  [34]  are  plotted  for  each  temperature.  The  temperature  dependent  Varshni  relationship  fit  line  is 
drawn  across  the  0.9  and  7.0  %  Sn  data  sets. 


Table  2.  Temperature  Dependent  Parameters  Fitted  for  the  Varshni  Relationship 


Fitting  Parameters 

Ge  -  Er  [34] 

0.9  %  Sn  -  Er 

7.0  %  Sn  -  El 

E(0)  (eV) 

0.889 

0.851 

0.654 

a  (eV/K) 

6.8  x  10'4 

5.1  x  10‘4 

3.5  x  10'4 

P(K) 

398 

416 

269 

The  DC  responsivity  values  at  1.55  pm  were  obtained  by  measuring  the  change  in  current 
due  to  the  normal  incident  laser  with  a  1.2  mW  optical  power.  The  dark  and  laser  illuminated 
I-V  curves  measured  for  each  temperature  were  used  to  calculate  the  responsivity  value  at 
each  temperature  vs  the  bias  voltage,  shown  in  Fig.  7.  For  clarity,  the  responsivity  values 
reported  in  Fig.  7  show  only  four  temperatures  for  each  sample.  At  decreased  temperatures, 
the  overall  response  is  expected  to  increase  due  to  the  decreased  number  of  thermally  active 
carriers,  but  for  the  0.9  and  3.2  %  Sn  samples,  the  maximum  responsivity  occurred  at  140  K. 
This  is  a  result  of  the  dominant  absorption  edge  for  both  of  these  samples  near  1.55  pm,  blue- 
shifting  with  decreasing  temperature,  which  is  due  to  the  increasing  bandgap  with  decreasing 
temperature.  Alternatively,  the  lower  bandgap  and  increased  density  of  states  for  the  7  %  Sn 
sample  shows  a  trend  of  monotonically  increasing  responsivity  at  1.55  pm  for  decreasing 
temperature.  The  maximum  responsivity  measured  for  the  7.0  %  Sn  sample  at  77  K  was  0. 179 
A/W.  This  is  a  substantial  increase  above  the  responsivity  measurement  at  300  K,  which  was 
around  the  lower  limit  of  our  system  at  0.0005  A/W.  The  linear  increase  in  responsivity  vs 
applied  voltage  bias  for  these  devices  is  indicative  of  the  photoconductive  gain,  defined  as  the 
ratio  of  the  carrier  lifetime  to  the  transit  time,  G  —  T;/rn  [35].  The  photoresponse  in  these 
devices  is  described  by,  lphoto  =  Act  1  A/L  ■  V  where  A  is  the  area,  L  is  the  length,  V  is  the 
applied  voltage  bias,  and  Ac  is  the  change  in  conductivity  due  to  the  incident  light.  The 
change  in  conductivity  under  steady  state  is  Act  =  q(pn  +  pp)G0tn  where  q  is  the  elementary 
charge,  G0  the  generation  rate,  xn  the  transit  time,  and  pn,  pp  are  the  electron  and  hole 
mobilities,  respectively.  The  proportionate  relationship  for  the  mobility,  device  length,  and 
transit  time  would  allow  for  a  further  increase  in  device  performance  for  a  reduced  length 
between  metal  contacts,  as  well  as  for  materials  with  reduced  scattering  and  higher  mobilities. 


Fig.  7.  The  DC  responsivity  values  for  a  0.9,  3.2,  and  7.0  %  Sn  photoconductor  extracted  from  both  the  dark  and 
illuminated  I-V  measurements.  The  illuminated  condition  is  a  1 .55  pm  diode  laser  with  1 .2  mW  optical  power. 

5.  Discussion 

5.1  Noise  analysis 

The  dominant  electronic  noise  current  within  a  photoconductor  is  due  to  thermal 
fluctuations  (Johnson-Nyquist),  generation-recombination  (G-R)  of  carriers,  and  shot  noise. 
Photoconductors  have  generally  higher  dark  currents  than  photodiodes.  Thus,  these  devices 
are  not  expected  to  have  a  significant  source  of  1/f  noise  for  non-DC  measurement  conditions 
above  1  Hz  [36].  Excluding  1/f  noise,  the  total  noise  current  is  described  by:  1  noise  = 
V ^thermal  +  Iq-r  +  Ishor  The  Johnson-Nyquist  noise  depends  on  the  thermal  fluctuations  of 
carriers  within  the  material  calculated  by,  thermal  —  j4kT(BW/R)  where  k  is  Boltzmann 
constant,  T  is  absolute  temperature,  BW  is  the  electronic  bandwidth,  and  R  is  the  resistance. 
Shot  and  G-R  noise  sources  are  directly  related  to  the  dark  current  and  are  described  by, 

Ishot  =  72qIdk(BW)  and  IG_R  =  V^flldkCBW)  where  q  is  the  electron  charge  and  Idk  is  the 
dark  current.  The  measurement  bandwidth  is  commonly  conducted  with  1  Hz  equivalent  noise 
bandwidth  (ENBW)  thus  allowing  comparable  noise  measurements  between  devices.  Based 
on  the  measured  dark  current  and  resistance  of  these  devices  at  each  temperature,  the 
calculated  noise  current  is  dominated  by  the  high  dark  current  with  negligible  contribution 
from  Johnson-Nyquist  mechanism.  Thus,  this  thermal  noise  component  can  be  ignored. 

Both  shot  and  G-R  noise  are  current  dependent,  but  the  dominant  source  of  G-R  noise  is 
trap  and  defect  sites,  creating  greater  fluctuations  in  the  carrier  density  throughout  the 
photoconductor.  To  better  identify  the  G-R  noise  contributions  in  this  material,  the  detector 
design  was  focused  on  the  elimination  of  other  significant  recombination  mechanisms.  The 
co-planar  design  of  these  devices  allows  for  the  G-R  noise  due  to  heterojunction  transitions  to 
be  minimized.  This  reduces  transitions  among  different  energy  bands  at  the  heterojunction 
interface.  These  heterojunction  boundaries  create  an  added  G-R  zone  due  to  the  discontinuity 
of  electron  density  and  varying  mobilities  between  layers  [37].  Additional  recombination 
centers  at  the  surface  were  minimized  through  the  deposition  of  a  thick  1300  nm  SiO;  layer 
onto  the  devices  following  mesa  etching.  The  use  of  Si02  as  the  passivation  layer  was  chosen 
since  it  is  a  widely  available  material  used  in  all  Si  CMOS  fabrication  facilities.  Material 


specific  G-R  mechanisms  are:  radiative  recombination,  Auger  recombination,  and  Shockley- 
Read  Hall  (SRH)  process.  Each  has  a  recombination  rate  with  a  different  dependency  on  the 
carrier  concentration  levels  (n).  Radiative  and  Auger  recombination  have  recombination  rates 
that  follow  ~n2  and  it’  relationships  [38],  while  SRH  process  has  a  linear  relationship  with  n. 
This  study  isolates  the  carrier  activation  energy  related  to  the  SRH  process. 

The  dark  resistance  of  each  device  measured  for  varying  temperatures  allows  the 
extraction  of  the  carrier  activation  energies.  The  measured  resistance  of  the  photoconductors 
is  related  to  the  conductivity  (c)  by:  R  =  1/(A  X  a).  Additionally,  the  dark  conductivity  is 
described  by  o  =  q  X  (n|in  +  ppp)  .  The  temperature  dependent  conductivity  for  a 
semiconductor  is  dominated  by  the  change  in  carrier  concentration,  hence  a  general  Arrhenius 
relationship  for  conductivity  can  be  derived,  a  =  C^exp  (— EA/(2kT))  [32].  The  measured 
resistance  can  then  be  related  to  the  activation  energy  for  the  majority  carriers  with  the 
expression, 

R  =  C2  exp  (4) 

where  EA  is  the  activation  energy,  k  is  the  Boltzmann  constant,  and  Ch  C2  are  constants.  The 
carrier  activation  energy,  EA,  was  extracted  from  the  slope  of  the  Arrhenius  plot  shown  in  Fig. 
8  (a)  based  on  Eq.  (4).  The  extracted  values  from  Fig.  8(a)  give  the  activation  energy  of  the 
ionized  carrier  states  (Region  1),  and  the  surface/defect  activation  energies  (Region  2).  The 
surface/defect  states  give  rise  to  the  generation-recombination  noise  and  should  be  suppressed 
by  passivation  or  annealing  in  future  generation  devices.  For  both  regions,  there  is  a  general 
trend  of  decreasing  activation  energies  for  increasing  Sn  composition  shown  in  Fig.  8(b).  It  is 
well  documented  that  for  both  Ge  and  low  Sn  composition  Gei_xSnx,  the  defects  are  acceptor 
type  [39-41].  This  decrease  in  activation  energy  for  increasing  Sn  mole  fraction  can  be 
explained  by  acceptor  type  defect  sites  being  neutralized  with  donor  level  states  from  Sn 
atoms. 
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Fig.  8.  (a)  The  Arrhenius  plot  of  Ln  (R)  vs  1/T  plot  is  linearly  fitted  for  Regions  1  and  2  for  from  the  DC  I-V  data,  (b) 
The  extracted  activation  energies  are  shown  for  each  0.9,  3.2,  and  7.0  %  Sn  photoconductor. 

5.2  Specific  detectivity  (D  ) 

The  notable  presence  of  defect  sites  and  high  carrier  concentrations  indicate  the  dominant 
noise  mechanism  can  be  approximated  from  the  dark  current  as  described  earlier.  The 
calculated  noise  current  and  measured  AC  responsivity  at  345  Hz  with  a  1  Hz  ENBW  allow 
D”  to  be  determined  at  the  illuminated  wavelength  of  1.55  pm.  The  maximum  D  values  for 
each  sample  are  presented  in  Fig.  9.  The  low  Sn  composition  samples  [Figs.  9(a)  and  9(b)] 


show  a  peak  D*  at  temperatures  above  77  K  for  the  same  reason  as  explained  previously  for 
the  DC  responsivity.  However,  for  these  two  samples  the  maximum  D  occurs  at  different 
temperatures  than  for  the  maximum  DC  responsivity  due  to  the  differing  levels  of  dark  current 
and  AC  responsivity  between  these  detectors.  The  higher  Sn  composition  sample  in  Fig.  9(c) 
shows  an  increasing  D*  for  decreasing  temperature,  with  a  maximum  measured  value  of  1*109 
cm-  VHz/W  at  77  K.  The  reduced  carrier  concentration  and  noise  components  are  not 
competing  with  the  blue  shifting  absorption  band  edge  in  this  7.0  %  Sn  sample.  Therefore,  the 
overall  increasing  AC  responsivity  for  this  sample  allows  for  the  unambiguous  baseline  for  D 
of  this  photoconductor.  In  future  work,  the  Sn  content  could  be  increased  well  above  7  % 
which  would  reduce  the  (direct)  E(0)  bandgap  considerably.  Thus,  but  selecting  the  Gej_xSnx 
composition,  the  wavelength  at  which  peak  D  occurs  could  be  engineered  to  be  within  the 
range  from  2  to  20  pm.  Further  improvements  in  the  D  for  this  material  are  expected  for  p-i-n 
photodiode  designs  with  Gei_xSnx  active  regions,  which  will  further  reduce  the  dark  current 
and  decrease  the  noise  current. 


(a)  (B) 


Fig.  9.  Temperature  dependent  specific  detectivity  (D  )  for  the  (a)  0.9  ,  (b)  3.2,  and  (c)  7.0  %  Sn  samples  were 
calculated  from  the  measured  AC  responsivity  and  calculated  noise  current. 

From  a  supply  chain  perspective,  the  growth  of  these  materials  in  a  commercially 
available  and  CMOS  compatible  CVD  reactor  will  allow  for  a  faster  commercialization. 


Direct  incorporation  of  a  SWIR  FPA  in  a  CMOS  process  not  only  reduces  cost  and  increase 
array  size,  but  it  also  adds  readout  architecture  functionality.  This  incorporation  provides  the 
use  of  current  CMOS  sensor  architectures  as  either  active  pixel  sensor  (APS)  or  passive  pixel 
sensor  (PPS).  The  APS  is  a  design  that  uses  a  switch  and  amplification  per  pixel  for  low  noise 
voltage  amplification,  while  PPS  is  a  simple  switch  and  pixel  design  that  allows  for  a  higher 
optical  fill  factor  and  lower  processing  cost.  Thus,  multispectral  imaging  can  be  achieved  by 
using  variable  Sn  mole  fraction  detectors.  These  pixels  can  then  be  appropriately  matched  for 
optimal  low  noise  amplification,  or  higher  optical  absorption  through  this  CMOS  processing. 

6.  Conclusion 

The  temperature  dependent  spectral  response  of  0.9,  3.2  and  7.0  %  Sn  photoconductors  were 
measured  from  300  to  77  K.  The  observed  blue-shifting  cut-off  with  decreasing  temperature 
allowed  the  temperature  dependent  Varshni  relationship  to  be  fitted.  The  DC  responsivity  of 
these  devices  was  also  characterized  for  different  temperatures  at  1.55  pm  wavelength.  The 
measured  dark  resistance  as  a  function  of  temperature  exhibited  separate  carrier  activation 
energies  for  each  Sn  composition.  The  activation  energy  of  the  ionized  accepter  and  trap  states 
showed  a  decreasing  trend  of  activation  energy  for  increasing  Sn  composition.  Future  studies 
and  device  architectures  are  needed  to  identify  suppression  mechanism  for  these  sites  in  order 
to  reduce  the  overall  noise  current.  A  baseline  specific  detectivity  (D  )  values  was  determined 
for  each  sample,  and  a  maximum  lxlO9  cnWhlz/W  was  measured  for  the  7.0  %  Sn 
photoconductor.  The  performance  of  these  simple  structures  indicates  a  promising  future  for 
Gei_xSnx  photodetectors.  The  crystalline  growth  of  these  samples  in  a  commercially  available 
CVD  reactor,  compatible  with  Si  CMOS  process,  allows  for  these  infrared  detectors  to  be 
available  for  immediate  commercial  implementation. 
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